Abstract. The multibody approach is now recognized as a reliable and mature computer aided engineering tool. Namely, it is commonly used in industry for the design of road or railway vehicles. The paper presents a framework developed for predicting the vibrations induced by railway transportation. Firstly, the vehicle/track subsystem is simulated, on the basis of the home-made C++ library EasyDyn, by mixing the multibody model of the vehicle and the finite element model of the track, coupled to each other through the wheel/rail contact forces. Only the motion in the vertical plane is considered, assuming a total symmetry between left and right rails. This first step produces the time history of the forces exerted by the ballast on the foundation, which are then applied to a full 3-D FEM model of the soil, defined under the commercial software ABAQUS. The paper points out the contribution of the pitch motion of the bogies and carbodies which were neglected in previous publications, as well as the interest of the so-called coupled-lumped mass model (CLM) to represent the influence of the foundation in the track model. The potentialities of the model are illustrated on the example of the Thalys high-speed train, riding at 300 km h −1 on the Belgian site of Mévergnies.
Introduction
After more than 40 yr of research and development, multibody dynamics simulation has now reached scientific and commercial maturity: several books exist describing well established methods to build and integrate the equations of motion (Géradin and Cardona, 2000; Garcia de Jalon and Bayo, 1993; Shabana, 2005; Bauchau, 2011) , and commercial software's like MSC/ADAMS, SIMPACK or LMS/Virtual.Lab Motion are commonly used in robotics, car or railway industry along with other computer-aided engineering tools like finite element. The coupling of multibody systems with other disciplines offers nowadays a rich area of new developments. For example mechatronic systems which need to integrate specific equations related to controllers, actuators or sensors, or biomechanics where behaviour equations of tissues like muscles must be mixed with the ones of the mechanical system constituted by the skeleton and the limbs. In this paper, we will present a similar application: the multibody model of a vehicle and the finite element model of the track are merged in order to constitute a framework aiming at predicting the vibrations induced by railway vehicles. The model is used as a first step: it provides the time history of the forces exerted on the foundation, which are in turn used as inputs in a 3-D finite element of the soil. The complete process is performed in the time domain.
The focus of this study is to describe the approach, with a particular attention on the vehicle/track subsystem which involves the multibody model of the vehicle. The paper will first present a brief summary of the state of the art in terms of railway induced ground vibrations. The general organization of the global simulation framework will then be explained. The fourth section will detail the vehicle/track model with a focus on recent improvements either on the vehicle and track models. The potentialities of the approach will then be illustrated through the example of the Thalys high-speed train (HST). The paper is ended with some conclusions.
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Railway-induced ground vibrations
It is largely admitted that railway transport constitutes a proper solution to traffic congestion and pollution observed in big cities. However, it also brings nuisances that must remain limited to avoid opposition of the dwellers. Noise and vibrations generated by the vehicle riding on the localized or distributed irregularities of the track are one of the usual reasons of complaint. It is then important to develop technical solutions to mitigate the railway vibrations, ideally from the beginning of the track and vehicle design. This requires reliable simulation tools, able to reproduce with a sufficient accuracy the propagation of vibrations, from the wheel-rail interface to the buildings, through the track and a medium, the soil, fundamentally inhomogeneous and infinite in three directions.
The problem of railway induced vibrations clearly involves 3 components: the vehicle, the track (rails, sleepers and ballast) and the soil.
Initially, the vehicle has often been reduced to a simple moving loaded mass (Wang and Zeng, 2004) or eventually a succession of the latter (Lefeuve-Mesgouez et al., 2002) . With such a simplification, the origin of vibration lies in the irregular deflection of the track which induces up and down motion of the moving mass: the rail indeed offers a larger rigidity (and then a smaller displacement) above the sleepers than between the latter. This effect is sufficient to explain the so-called soil critical speed: when the speed of a train gets above the Rayleigh wave velocity of the superficial layer, it has a tendency to induce large vibrations. This phenomenon is generally observed for soft soils. Many works, as those proposed by Kaynia et al. (2000) , Takemiya and Bian (2005) or Kouroussis et al. (2012c) , have been conducted to reproduce by simulation this phenomenon. However, other sources contribute to the vibration content, among which the track and wheel irregularities and the vehicle dynamics. To reproduce this contribution, a more detailed model of the vehicle becomes necessary (Kouroussis et al., 2010) . For example, Costa et al. (2011 Costa et al. ( , 2012 have recently identified the influence and relevance of the mechanical properties of the train and have confirmed that the unsprung and semisprung masses must be included in the prediction model. In parallel, Kouroussis et al. (2012b) have analysed the vibratory effect of the unsprung masses in the specific case of the tramway of Brussels, showing that a modification of the resilient wheel stiffness notably reduces the ground vibrations when the vehicle is coming up against local rail defects.
The track is usually considered through a finite element model (Knothe and Grassie, 1993; Zhai and Sun, 1994) . The rail is built from beam elements while lumped masses represent the sleepers, connected by springs and dampers to the rail and to the ground. One more layer of lumped masses can possibly be added to take into account the effect of the foundation in the track model. Two principal approaches are used to simulate the wave propagation through the soil: the finite element method (FEM) and the boundary element method (BEM). Initially, BEM was preferably used due its natural ability to represent infinite domains and its good computational efficiency when the problem is formulated in the frequency domain (Do Rêgo Silva, 1994) . However, the method becomes cumbersome when dealing with complex geometries, while frequency domain is limited to linear problems. In parallel, the continuously increasing power of computers and the development of infinite elements have opened the door to FEM models and it is presently possible to manage fully three-dimensional soil models, either in frequency (Wang et al., 2008) and, more recently in time domain (Kouroussis et al., 2011e) . Indeed, Kouroussis et al. (2011d Kouroussis et al. ( , 2009 have demonstrated that it is possible, in time domain, to alleviate the requirements in terms of domain and element size simulation. Let us also mention that some authors have developed combined BEM/FEM models (Galvín and Domínguez, 2009; François et al., 2009 ).
Railway vibration prediction model
A complete description of the model that we developed for predicting the vibrations induced by railway traffic can be found in Kouroussis et al. (2012a) . Its main characteristics are the following: -The simulation is performed in the time domain and in two successive steps ( Fig. 1 ): firstly the simulation of the vehicle/track subsystem, whose result is the time history of the forces exerted by the track on the soil and, secondly, the simulation of the response of the soil to these forces through a finite element model.
-The vehicle/track subsystem is processed under the home-made framework EasyDyn and merges the nonlinear equations of motion of the vehicle defined as a multibody model and the linear equations of a finite element model of the track. So far, a perfect symmetry has been assumed between left and right sides so that the motion is restricted to the vertical plane.
-The response of the ground is simulated under the commercial software ABAQUS. A particular care is given to the definition of the boundary conditions in order to get the best representation of the domain infinity and in particular to avoid wave reflection.
Although the track is modelled with finite elements, it is associated with the vehicle multibody model of the track instead of the finite element model of soil. The reasons are a good description of the contact location without additional artefacts (as for example wheel elements, Ju, 2009 ) and, for some cases (presence of a singular rail surface defect), the vehicle/track interaction (Kouroussis et al., 2010 known as Winkler foundation, this term being used for continuously supported track and for discrete model as well as), the hypothesis is valid if the soil is sufficiently stiff, which is the case in most of railway lines (Kouroussis et al., 2011e, 2012a . With softer soils, the authors have proposed an enhanced track model, referred to as the coupled lumped mass model (CLM), which offers a faithful representation of soft soils impedance in the requested frequency range (Kouroussis et al., 2011b) . In this paper, we will focus on the vehicle/track model.
Vehicle/track model

Global structure
The developed model merges the equations of motion of the vehicle, which have the form usually encountered in multibody system dynamics
and the equations of the track, represented by a linear finite element model models exist therefore combining multibody and finite element approaches in a single application for vehicle/track/soil analysis (see for example, Connolly et al., 2013 ). The prediction model has been used in various practical cases and was successfully confronted to experimental results (Kouroussis et al., 2010 (Kouroussis et al., , 2011e, 2012b (Kouroussis et al., ,c, 2013 . The main hypothesis in the approach relies in the two step strategy which assumes some decoupling between the track and the soil. However, it turns out that the hypothesis is reasonable as far as the mechanical impedance of the rail, as seen from the vehicle, is well represented, including the possible dynamic coupling between the sleepers through the soil. With classical track models where the soil is considered only through the stiffness under the sleepers (generally known as Winkler foundation, this term being used for continuously supported track and for discrete model as well as), the hypothesis is valid if the soil is sufficiently stiff, which is the case in most of railway lines (Kouroussis et al., 2011e, 2012a . With softer soils, the authors have proposed an enhanced track model, referred to as the coupled lumped mass model (CLM), which offers a faithful representation of soft soils impedance in the requested frequency range (Kouroussis et al., 2011b) . In this paper, we will focus on the vehicle/track model.
Vehicle/track model
Global structure
and the equations of the track, represented by a linear finite element model -M v and M t the mass matrices of the vehicle and track, respectively;
-h v the term gathering the Coriolis, centrifugal and gyroscopic terms of the vehicle; -C t and K t the damping and stiffness matrices of the track;
-f t and f v representing the external forces (gravity, suspensions, wheel/rail contact forces) exerted on the vehicle and the track respectively.
It appears that the coupling between the vehicle and the track is realized through external forces, and more precisely the contact forces. The latter are determined by considering an elastic contact between the wheel and the rail and then depend on both vehicle and track displacements.
Equations of motion of the vehicle
The choice of minimal coordinates
The construction of the equations of motion of the vehicle is based on the so-called minimal coordinates approach, developed by Anantharam and Hiller (1991); Hiller (1993) in the early 90's. With this approach, the configuration parameters used to express the kinematics of the multibody system are arbitrarily chosen but must be independent so that their number is equal to the number of degrees of freedom of the system. Compared to approaches like Cartesian or relative coordinates widely used in commercial products, the minimal coordinates approach has the major drawback to be less systematic as it requires to set up a specific kinematics of the considered system. However, it has the advantage to yield a system of pure ordinary differential equations, without constraint equations, which can be processed in a stable and robust way with standard numerical integration techniques. The approach proves anyway easy to use and efficient with open loop systems like the train model developed in this study.
It is worth to mention that the computational implementation with minimal coordinates is dramatically different from the one classically found with other coordinates. As illustrated in Fig. 2 , a multibody simulation software classically consists of a main general solver able to simulate various mechanical systems, each of them being described in a specific data file. With minimal coordinates (Fig. 3) , each application actually leads to a dedicated program, which is constructed with the help of a multibody library. The latter is expected to provide routines which facilitate the expression of kinematics and forces, and the construction and integration of the equations of motion. When working with minimal coordinates, the equations of motion generally derive from the application of the d'Alembert's principle. If the system comprises n B bodies and n cp degrees of freedom, the n cp differential equations governing the dynamic behaviour of the mechanical system are built according to 
The resulting equations of motion have the classical following form
where, for example the mass matrix of dimension n cp × n cp , is obtained by
while h represents the contribution of Coriolis, centrifugal and gyroscpic terms, and f the applied forces. It turns out that the equations of motion can be constructed if the user provides -the kinematics of the system, that's to say the expression of position, velocity, acceleration and partial velocities of each body i of the system in terms of the configuration parameters q and their first and second time derivatives;
-the applied efforts acting on each body i.
Kinematics
The expression of the complete kinematics, especially at acceleration level and for 3-D systems, is tricky, tedious and source of mistakes. To circumvent this difficulty, the EasyDyn framework provides a symbolic script which automatically generates the expressions of velocities and accelerations from only the position information. To express the kinematics at position level, the formalism of homogeneous transformation matrices was retained. The position and orientation of each body i is expressed by means of the homogeneous transformation matrix T 0,i giving the situation of the local frame associated with body i with respect to the global reference frame 0 (Fig. 4) . It is a 4 × 4 matrix of the following well-know form
where e i is the coordinate vector of frame i with respect to the global coordinate system 0, and R 0,i is the rotation tensor describing the orientation of frame i with respect to frame 0. Practically, the homogeneous transformation matrices have the deciding advantage to enjoy the following property
This means that a complex motion can be elegantly defined as a succession of elementary motions (Fig. 5 ) like for example
expressing a rotation about z of an angle θ followed by a displacement along the y-axis equal to l. Translational and rotational velocities of each body i can then be easily obtained by differentiation of the homogeneous transformation matrix giving its situation
from which accelerations and partial velocities can be determined by one more differentiation. Under EasyDyn, a symbolic script called CAGeM, which stands for Computer-Aided generation of Motion, takes after the differentiation. The script can be run under MuPAD (SciFace Software GmbH & Co, 2012) or Xcas/Giac (Parisse and Graeve, 2010) , the latter offering a completely open source environment.
Application to the vehicle modelling
In the present study, the vehicle is modelled by rigid bodies representing each inertial part of the train: car bodies, bogies, wheelsets and possibly wheel treads in case of compliant wheels (Kouroussis et al., 2012b) , interconnected by the primary and secondary suspensions represented by springs and dampers.
To illustrate the use of homogeneous transformation matrices, let us consider the carriage of Fig. 6 . The motion of the car body R 1 and bogies R 2 and R 3 is described by their vertical displacements and their pitch angle, involving a total of 6 degrees of freedom q 0 to q 5 . The resulting homogeneous transformation matrix of the first bogie R 2 is then written
where
represents a translation and T rot. y (θ) a rotation about the y-axis.
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Figure 6. Vehicle modelling -kinematics in the xz-plane.
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Figure 7. The vehicle/track/foundation model.
The following observations can be made
-the global progression of the vehicle is assured by the x coordinate of the form v 0 · t with v 0 the velocity and t the time;
-in this example, q 3 is desired to strictly correspond to the vertical relative displacement; that is why a backward rotation −q 1 is imposed between the car and the bogie to compensate the pitch angle q 1 of the carbody.
On the other hand, the motion of wheelsets R 4 to R 7 comes down to only the bounce motion, with respect to the bogie. For instance, the transformation matrix giving the situation of wheelset R 7 reads
where l b and l w represent the distances between bogies and wheelsets, respectively. The formulation is not restrictive, and can be applied without any difficulty to more complex models and/or to threedimensional kinematics.
Applied forces
The applied forces derive from gravity, suspensions and contact forces. The suspensions are classically defined as springs and dampers attached to specific points of the bodies. In the same manner, the contact forces are applied on the wheels. Their computation is explained further.
The track model
The track is represented by a finite element planar model, made up of 3 layers: the rail, the sleepers and the subgrade or foundation (Fig. 7) . So far, only the vertical motion has been considered since the major contribution of ground vibration is induced by the vertical track deflection. Moreover, as symmetry is assumed, the track is condensed in the symmetry plane and embraces the 2 rails. The reduced central rail (Young modulus E r , density ρ r , geometrical moment of inertia I r and section A r for a single rail) consists of a succession of Euler beams, while the sleepers correspond to lumped masses of mass m, placed with a regular spacing L. rail above a sleeper and the vertical force applied at the same point. Indirect receptances correspond to rail displacement above the adjacent sleeper. It appears that the CLM model properly captures the track receptances between 0Hz and 100Hz, which is not the case of the Winkler foundation. A good agreement can be observed between the CLM and the reference case: the error remains below 1dB which is well below the uncertainty range encountered in experimental receptances. The interest of this approach is certainly its ability to faithfully reproduce the track response with a limited number of degrees of freedom.
The size of the model depends on the track length required to get the requested level of accuracy, that's to say between 20 and 80 meters (Kouroussis et al., 2010) . Practically, this represents the flexible part of the track, surrounded by rigid parts, with a transition area along which the compliance progressively evolves. This assures a smooth loading of the soil and permits to manage vehicles longer than the considered track.
Concerning the degrees of freedom, the beam nodes intro- duce 2 degrees of freedom (vertical displacement and slope) while each lumped mass, representing either a sleeper or a foundation mass, introduces one degree of freedom. Knowing that 2 beam elements are defined between the sleepers, this leads, roughly speaking, to 6 degrees of freedom per sleeper, and consequently a few hundreds degrees of freewww.mech-sci.net Mech. Sci. As indicated in the state of the art, the model retained to represent the track is the CLM (coupled lumped mass) model proposed in Kouroussis et al. (2011a,b) . It permits to properly capture the track receptance even in presence of soft soils and therefore minimizes the error resulting from the hypothesis of track/soil decoupling. Compared to models based on the classical Winkler foundation representing one spring under each sleeper (Fig. 8a) , it includes a better representation of the soil under the track through a layer of lumped masses of mass m f placed below the sleepers (Fig. 8b) , and viscoelastically connected to the bedrock (stiffness k f and the damping d f ) and to the surrounding foundation masses (damping d c and stiffness k c ). The values of the parameters of the CLM model (m f , k f , d f , k c , d c ) are calculated, through simple analytical relations (Kouroussis et al., 2011b) , so as to match soil impedances issued from the FEM model of the soil 1 . Figure 9 illustrates the accuracy of the CLM approach, by comparing the track receptances of a specific high-speed track in Belgium, lying on various foundation models, for the 3 following cases -the track model is included in the three-dimensional FEM model of the soil, which can be considered as the reference solution;
-the proposed track model with a foundation represented by a Winkler foundation;
-the proposed track model where the CLM model is used for the foundation.
Presented direct receptances are defined as frequency response functions between the vertical displacement of the rail above a sleeper and the vertical force applied at the same 1 Impedances issued from experimental tests or from other models could be used equivalently. rail above a sleeper and the vertical force applied at the same point. Indirect receptances correspond to rail displacement above the adjacent sleeper. It appears that the CLM model properly captures the track receptances between 0Hz and 100Hz, which is not the case of the Winkler foundation. A good agreement can be observed between the CLM and the reference case: the error remains below 1dB which is well below the uncertainty range encountered in experimental receptances. The interest of this approach is certainly its ability to faithfully reproduce the track response with a limited number of degrees of freedom.
Concerning the degrees of freedom, the beam nodes intro- duce 2 degrees of freedom (vertical displacement and slope) while each lumped mass, representing either a sleeper or a foundation mass, introduces one degree of freedom. Knowing that 2 beam elements are defined between the sleepers, this leads, roughly speaking, to 6 degrees of freedom per sleeper, and consequently a few hundreds degrees of freewww.mech-sci.net Mech. Sci. point. Indirect receptances correspond to rail displacement above the adjacent sleeper. It appears that the CLM model properly captures the track receptances between 0 Hz and 100 Hz, which is not the case of the Winkler foundation. A good agreement can be observed between the CLM and the reference case: the error remains below 1 dB which is well below the uncertainty range encountered in experimental receptances. The interest of this approach is certainly its ability to faithfully reproduce the track response with a limited number of degrees of freedom.
The size of the model depends on the track length required to get the requested level of accuracy, that is to say between 20 and 80 m (Kouroussis et al., 2010) . Practically, this represents the flexible part of the track, surrounded by rigid parts, with a transition area along which the compliance progressively evolves. This assures a smooth loading of the soil and permits to manage vehicles longer than the considered track.
Concerning the degrees of freedom, the beam nodes introduce 2 degrees of freedom (vertical displacement and slope) while each lumped mass, representing either a sleeper or a foundation mass, introduces one degree of freedom. Knowing that 2 beam elements are defined between the sleepers, this leads, roughly speaking, to 6 degrees of freedom per sleeper, and consequently a few hundreds degrees of freedom for the track.
Track interaction: wheel/rail contact forces
The contact forces between the wheels and the rail allow coupling between the vehicle and the track. We have chosen to calculate this force through the well-known Hertz contact theory, stating that the normal contact force N can be calculated from the penetration d according to
where the coefficient K Hz depends only on the radii of curvature of the wheel and the rail profiles, and the elastic properties of the material of both bodies. The penetration for each wheel i depends on the vehicle and track states and is calculated from
with -x wheel,i and z wheel,i the coordinates of the centre of wheel i, depending on the configuration parameters of the vehicle;
-z rail (x wheel, j ) the height of the rail below wheel i, depending on the degrees of freedom of the track model, through the shape functions of the beam elements;
-R wheel,i the radius of wheel i;
-h(x wheel,i ) the rail irregularity below wheel i, which can consist of local defects and/or overall track contribution like roughness (Kouroussis et al., 2010) .
The action and reaction components of the contact force can then be applied to the multibody and track models. Let us note that, for the track, the force is transformed to nodal forces and torques, again through the shape functions of the beam element, calculated at the contact point.
Let us note that most of ground vibration models consider a linear relationship between the contact force and the penetration, neglecting the inherent non-linearity of the contact physics.
Numerical framework
The track/vehicle model explained in the previous sections has been implemented as a C++ program based on the homemade EasyDyn library (Kouroussis et al., 2011c; Verlinden et al., 2013) .
The equations of motion and of the vehicle (Eq. 1) and of the track (Eq. 2), are rewritten in the following residual form
where the global vector of configuration parameters q results from the concatenation of the vehicle and track configuration parameters
When rewritten in this form, the equations can be integrated by the routines provided by the sim module, which implement the so-called Newmark-1/4 method. The latter is known to not introduce any numerical damping which is an advantage in the considered application. Numerical damping is anyway unnecessary as we deal with ordinary differential equations.
The vehicle is a multibody system and its equations of motion are computed from the routines offered by the mbs module. This assumes that the user provides two routines implementing on the one hand the kinematics of the multibody system and, on the other hand, the forces exerted on each body, corresponding in our case to the gravity, the suspension forces and the contact forces. Let us recall that concerning the kinematics, the velocities, accelerations and partial velocities are generated symbolically by the script CAGeM accompanying the C++ library of EasyDyn.
The equations of motion of the track (Eq. 2) are simple and are coded directly in C++ by using the classical assembly techniques.
The computer implementation is summarized in Fig. 10 . Let us note that, thanks to the visu module, shapes can be attached to bodies, in order to visualize the motion of the system.
Soil simulation
The simulation of the vehicle/track subsystem provides the time history of the ground forces, defined as the visco-elastic action of the ballast on the subgrade. These forces are used in the second subproblem, managed under the finite element software ABAQUS which computes the free field response.
The finite element model of the soil is out of the scope of this paper, a detailed description of the finite element model being available in Kouroussis et al. (2010 Kouroussis et al. ( , 2012a . Let us mention anyway that -only a half soil is considered due to the assumed leftright symmetry;
-the forces are not applied on nodes but on rigid surfaces corresponding to the area covered by the sleepers;
-the inner part of the model consists of one quarter of a sphere and defines the specific geometry of the considered track;
-a dedicated script generates the outer part consisting of a transition spherical slice with progressive element sizes, surrounded by the infinite elements. Figure 11 . Thalys HST dimensions 7 Example: the Thalys high-speed train
Description of the model
Thalys trains are designed to operate over the French, Belgian, German and Dutch networks and therefore ensure the interconnection between the different high-speed lines. The high-speed vehicle studied in this work stems from the same generation as the French TGV Atlantique with some minor differences in the dynamical and geometrical parameters. The vehicle data were supplied by the Belgian railway operator. Figure 11 shows the configuration and the dimensions of these trainsets, consisting of 2 locomotives and 8 carriages, with a total length of 200 m. The two locomotives are supported by two bogies. Instead of the conventional bogie configuration of two-to-a-car, the carriage bogies are placed half under one car and half under the next, with the exception of the side carriage bogies, which connect the power carriages (at the outer extremities of the train) to the main passenger carriages (in the centre of the train). The unladen mass is close to 386 tonnes, while the nominal loading is worth 439 tonnes. Three bogie types are used in this vehicle:
-the Y230A motor bogie equipping the locomotives;
-the Y237 trailing bogie: variant A for the side carriages and variant B for the other ones.
An SR 10 pneumatic air-sprung suspension is used as the secondary suspension of the trailing bogies while the coil spring is preferred for the primary suspension. For the Y230A, classical rubber sandwich block (coil) spring is used for the primary (secondary) suspension. Table 1 summarizes the dynamic parameters of the bogies in terms of mass, stiffness and damping. The Thalys HST has already been studied by the authors (Kouroussis et al., 2011e) . However, due to a lack in the vehicle data that we were able to collect, the pitch motion of the bogie and carbodies was neglected. The bogie and the carbody were actually replaced by a front and a rear lumped mass whose only bounce motion was taken into account (Figure 12(a) ). The present model consists of a succession of carbodies, bogies and wheelsets involving 2 degrees of freedom (bounce and pitch) for each carbody/bogie and 1 degree of freedom (bounce) for each wheelset (Figure 12(b) ).
The Thalys HST, in its general configuration consists of a succession of one locomotive, one side carriage, six central carriages, one side carriage and finally one locomotive, with a total of 72 degrees of freedom. The relevant geometrical data of the train are specified in Table 2 .
If the vehicle rides at velocity v 0 , the position matrices relative to the first locomotive are written
where q l,i are the 10 configuration parameters of the locoMech. Sci. www.mech-sci.net the side carriage bogies, which connect the power carriages (at the outer extremities of the train) to the main passenger carriages (in the centre of the train). The unladen mass is close to 386 tonnes, while the nominal loading is worth 439 tonnes. Three bogie types are used in this vehicle:
An SR 10 pneumatic air-sprung suspension is used as the secondary suspension of the trailing bogies while the coil spring is preferred for the primary suspension. For the Y230A, classical rubber sandwich block (coil) spring is used for the primary (secondary) suspension. Table 1 summarizes the dynamic parameters of the bogies in terms of mass, stiffness and damping. The Thalys HST has already been studied by the authors (Kouroussis et al., 2011e) . However, due to a lack in the vehicle data that we were able to collect, the pitch motion of the bogie and carbodies was neglected. The bogie and the carbody were actually replaced by a front and a rear lumped mass whose only bounce motion was taken into account (Fig. 12a ). The present model consists of a succession of carbodies, bogies and wheelsets involving 2 degrees of freedom (bounce and pitch) for each carbody/bogie and 1 degree of freedom (bounce) for each wheelset (Fig. 12b) .
where q l,i are the 10 configuration parameters of the locomotive, with q l,1 and q l,2 the bounce and pitch motions of the carbody, q l,3 and q l,4 (q l,5 and q l,6 ) the bounce and pitch motions of the front (rear) bogie, and q l,7 to q l,10 the bounce motions of the wheelsets.
For the side carriages, we get
where q s,i (i = 1 → 10) have the same meaning as q l,i for the locomitve.
There is only one bogie per central carriage, which is the rear one, the front one being kinematically attached to the previous carriage. The corresponding position matrices of the j-th central carriage then read 0, q c j,6 ) (36) with q c j,i (i = 1 → 6 and j = 1 → 6) the configuration parameters of the carriage, defined in the same manner as previously. The track model involves 160 sleepers. The parameters of the track and of the CLM model used to represent the foundation are pointed out in Table 3 . The CLM parameters issue from the identification of the foundation receptance with respect to a 3-D FEM model of the soil comprising 3 layers. For each layer, the depth d, the Young modulus E, the density ρ and the Poisson's number ν are also given in Table 3 . Let us note that the damping d c is negative, so as to properly capture the ground wave propagation delay, also called "tau effect".
Simulation results
Studied configurations
In the next sections, the results provided by three different models are compared -The initial model Kouroussis et al. (2011e) , without the pitch motion of bogies and carbodies and a Winkler foundation for the track subgrade. It is denoted by model A. In all cases, the train speed is worth v 0 = 300km/h and the rail irregularity is calculated for a rail quality of 6 (Garg and Dukkipati, 1984; Kouroussis et al., 2012a) .
Forces on the track
Figure 13(b) shows the time history of the force exerted by the track on the soil at the centre of the model, for each model. In addition to these curves, the difference of force magnitudes provided by models B and C, compared to model A, is presented. This force, along with the ones under the other sleepers, is used as input in the FEM model of the soil to study the wave propagation. The plot is to compare with the one of Figure 13 www.mech-sci.net -The complete model, denoted by model C, as described in this paper with the CLM model and the pitch motion of bogies and carbodies.
In all cases, the train speed is worth v 0 = 300 km h −1 and the rail irregularity is calculated for a rail quality of 6 (Garg and Dukkipati, 1984; Kouroussis et al., 2012a) . Figure 13b shows the time history of the force exerted by the track on the soil at the centre of the model, for each model. In addition to these curves, the difference of force magnitudes provided by models B and C, compared to model A, is presented. This force, along with the ones under the other sleepers, is used as input in the FEM model of the soil to study the wave propagation. The plot is to compare with the one of Fig. 13a which shows the static load on the track, in function of a pseudo-time corresponding to the distance divided by the velocity. The figures show how the track distributes the contact forces through the sleepers.
It turns out that there is no significant difference between the models, especially between model A and model B. The major difference appears when the deflection is maximum and reaches about 2 % between models A and B but more The analysis shows that on one hand the benefit brought by the CLM model is not significant, due to the fact that the soil is relatively rigid. On the other hand, the differences observed with model C, although limited, indicate the importance of a careful vehicle modelling in the prediction of railway induced ground vibrations. Figure 15 shows the time history of the vertical ground velocity at 9 m from the track, resulting from the application of the ballast reaction forces, obtained from the simulation of each vehicle/track model, on the 3-D FEM model of the soil. The figure also includes the experimental results presented in a previous work (Kouroussis et al., 2011e) . The corresponding weighted severity can be found in Fig. 16 , as defined in the DIN 4150 part 2 standard (Deutsches Institut für Normung, 1999) . This indicator provides a quantification of the maximum vibratory dose felt by residents, and presents an interesting basis for drawing a parallel between discomfort and ground vibrations. Finally, Fig. 17 shows the frequency content of the ground velocity and indicates the maximum amplitude at 26 Hz. The latter is imposed by a resonance-like phenomenon, where the soil surface vibrates in phase with the vertical loading at a frequency corresponding to
Ground vibrations
with c P the compression wave velocity of the first layer and d its depth. The following observations are noteworthy:
-The comparison of the results obtained from models A, B and C leads to the same conclusions as in the previous section. The difference between models A/B and C is clearly observed on the weighted severity, at the beginning and end of the ground vibration. In the same way, the frequency contents differ in mid and high frequencies. Note that the experimental values at 23 m have greater amplitude than those at 25 and 18 m, whose origin is unfortunately unknown.
- Figures 15 and 16 show a good agreement between predicted and experimental ground vibrations, which validates the hypothesis made by the authors concerning the track/soil decoupling when the soil is sufficiently rigid with respect to the ballast (Kouroussis et al., 2012a) . It must however be mentioned that the vibration peaks predicted in the frequency ranges 20-30 Hz and 50-60 Hz (Fig. 17) are larger than their experimental counterparts. At high frequencies, the gap is explained by the adopted material damping in the soil model: a time domain simulation imposes a viscous damping although the hysteretic damping better corroborates for soil motion since it does not significantly depend on the frequency of motion.
As a final result, Fig. 18 shows how the the peak particle velocity PPV and the KB www.mech-sci.net www.mech-sci.net 
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In this paper, we have presented the framework that we have developed for predicting the vibrations induced by railway transportation. The vibrations find their origin on the one hand on the nature of the track, discretely supported at the www.mech-sci.net Mech. Sci. 
In this paper, we have presented the framework that we have developed for predicting the vibrations induced by railway transportation. The vibrations find their origin on the one hand on the nature of the track, discretely supported at the www.mech-sci.net Mech. Sci. The comparison with experimental results is not bad, with the exception of the point at 23 m from the track, where the experimental level is suspiciously greater than the ones at 15 and 18 m.
In this paper, we have presented the framework that we have developed for predicting the vibrations induced by railway transportation. The vibrations find their origin on the one hand on the nature of the track, discretely supported at the sleepers, and on the other hand in the irregularity of the rail surface. The proposed framework first considers the vehicle/track model mixing the multibody model of the vehicle and the finite element model of the track, coupled to each www.mech-sci.net/4/167/2013/ Mech. Sci., 4, 167-183, 2013
other through the wheel/rail contact. Only the motion in the vertical plane is considered, assuming a total symmetry between left and right rails. This first step is implemented on the basis of the home-made C++ library EasyDyn and produces a time history record of the forces exerted by the ballast on the foundation, which are then applied to a full 3-D FEM model of the soil. The latter is managed by the commercial software ABAQUS and involves finite elements to represent the unbounded nature of the considered domain. Again, symmetry is assumed betwen left and right parts so that only a half domain is defined.
With respect to previous publications, the model of the vehicle no longer consists of a succession of travelling masses but considers the carbodies and bogies as actual bodies, undergoing namely a pitch motion. The interest of the coupled lumped mass model has also been emphasized. The latter offers a better representation of the foundation contribution in the track model, and extends the application range of the approach, based on a decoupling of the vehicle/track and soil subsystems.
The potential applications of the model are illustrated on the example of the Thalys high-speed train, riding at 300 km h −1 on the Belgian site of Mévergnies. A good agreement is observed between experimental and predicted track and ground vibrations. In this particular case, the CLM model does not bring any significant improvement due to the relatively high stiffness of the soil. The new vehicle model, consisting essentially of the pitch motion of the bodies, introduces light changes in the response.
Although the model of the vehicle remains simple, the presented methodology does no longer suffer any limitations for the extension of the model to dissymetric cases or the effect of lateral contributions.
